A consortium of methanotrophs cultured from the St. Joseph's aquifer in Schoolcraft, MI, was found to exhibit similar methane consumption rates as pure cultures of methanotrophs. The methanotrophic consortium resides within a portion of the aquifer contaminated with a mixed waste plume of perchloroethylene (PCE) and its reductive dechlorination products from natural attenuation, trichloroethylene (TCE), cis-dichloroethylene (c-DCE), and vinyl chloride (VC). Oxidation kinetics for TCE, c-DCE, and VC were measured for the mixed methanotroph consortium and compared to reported rate parameters for degradation of these chloroethylene compounds by pure methanotrophic cultures. The results demonstrate that the kinetics of chloroethylene oxidation by the Schoolcraft methanotroph population mimic the degradation rates of pure methanotrophic cultures that primarily express particulate methane monooxygenase (pMMO). Molecular and biochemical analyses confirmed that sMMO was not being expressed by these cells. Rather, using competitive reverse transcriptionpolymerase chain reaction, pmoA, a gene encoding one of the polypeptides of the pMMO was found at a level of (1.57 Ϯ 0.10) ϫ 10 Ϫ17 mol pmoA mRNA/g wet soil in soil slurries and (2.65 Ϯ 0.43) ϫ 10 Ϫ17 mol pmoA mRNA/l in groundwater. No expression of mmoX, a gene encoding one of the polypeptides of the sMMO, was detected.
INTRODUCTION
G ROUNDWATER CONTAMINATION by chlorinated solvents is a widespread and persistent problem in the United States. These compounds are used in a multitude of industrial applications, including the production of pharmaceuticals, chemical processing, paint stripping, and dry cleaning (Wiedemeier et al., 1999) . Chlorinated solvents such as perchloroethylene (PCE) can be transformed by natural attenuation under anaerobic conditions into other hazardous compounds such as trichloroethylene (TCE), cis-dichloroethylene (c-DCE), and vinyl chloride (VC). The accumulation of c-DCE and VC, a known carcinogen, frequently occurs at sites of mixed waste chloroethylene contamination because of the relatively slow biological transformation of these latter substances by reductive dechlorination (Bouwer and McCarty, 1983; Vogel and McCarty, 1985; Distefano et al., 1991) .
Because a combination of biotic and abiotic processes are responsible for the natural attenuation that occurs in chloroethylene-contaminated aquifers, large spatial variations are often observed in the concentrations of these compounds within the area of chlorinated solvent intrusion at a polluted site (Wiedemeier et al., 1999) . Consequently, multiple treatment strategies have emerged in response to the variety of contaminant profiles encountered in groundwater remediation operations involving destruction of chloroethylenes. These strategies include biostimulation (Middeldorp et al., 1998) , bioaugmentation (Steffan et al., 1999) , sparging (Heron et al., 2002) , emplacement of reactive barriers (Arnold and Roberts, 2000) , and redox zone natural attenuation (Morkin et al., 2000) .
For the biological treatment approaches, multiple organisms must generally be stimulated or augmented to maximize degradation of the entire set of chlorinated solvents that are present in the aquifer. The removal of TCE, c-DCE, and VC under anaerobic conditions has been investigated for methanogens (Bouwer and McCarty, 1983; Vogel and McCarty, 1985; Freedman and Gossett, 1989) and halorespirators (DiStefano et al., 1991; Maymó-Gatell et al., 1997; Miller et al., 1997; Holliger et al., 1998) . Aerobes have also been identified that use c-DCE and VC as sole sources of carbon and energy (Bradley and Chapelle, 2000; Coleman et al., 2002; Verce et al., 2002) , or use VC as a primary substrate for the cometabolism of c-DCE (Hartmans and de Bont, 1992; Verce et al., 2002) . It is presently uncertain what the relative contributions of metabolism and cometabolism are for the in situ biodegradation of these compounds.
As previously noted, slow reductive dechlorination of VC can lead to the accumulation of this compound under anaerobic conditions. Removal of c-DCE and VC under oxic conditions has therefore also been investigated for bacteria that express mono-or dioxygenase enzymes growing on methane, propane, phenol, ammonia, or toluene (Ensley, 1991; Arp, 1995; Wackett, 1995) . Methanotrophs, bacteria that express methane monooxygenase (MMO) for the oxidation of methane, express two forms of the enzyme: the cytoplasm-associated or soluble methane monooxygenase (sMMO) and the membrane-bound or particulate methane monooxygenase (pMMO) (Han et al., 1999) . Most known methanotrophs express pMMO. The sole known exception, Methylocella palustris, has been isolated from acidic Sphagnum peat bogs. Using standard PCR and DNA:DNA hybridization techniques, M. palustris appears to not have pmoA, one of the genes encoding a polypeptide of the pMMO, or at least it has a very divergent sequence such that these experiments could not detect any pmoA-like genes (Dedysh et al., 2000) .
Inversely, a small fraction of known methanotrophs can express sMMO . The form of MMO being expressed by in situ methanotrophic populations is of great importance for remediation treatment systems, as the oxidation rates of c-DCE, TCE, and VC are orders of magnitude lower than for methanotrophs expressing pMMO than for cells expressing sMMO (Van Hylckama Vlieg et al., 1996; Lontoh and Semrau, 1998; Han et al., 1999) .
Biostimulation and bioaugmentation pilot studies are presently being conducted at Schoolcraft Plume G (Fig.  1) , a mixed-waste chloroethane/chloroethylene plume near the town of Schoolcraft in southwestern Michigan. A description of this field site is given in the Materials and Methods section. Effective remediation of Plume G requires a multifaceted approach, as no one microbial species is able to degrade all of the compounds present at this site. One strategy presently being evaluated at this site is to stimulate reductive anaerobic dechlorination by halorespiring microbes such as Dehalococcodies. Addition of carbon sources (lactate or palmitic acid) and electron donors to Plume G sediments has been shown to stimulate degradation of TCE and c-DCE under anaerobic conditions (Kim et al., 2001) . Bioaugmentation of Plume G sediments with a halorespiring consortium from the Bachman Road site in Oscoda, MI (He et al., 2002) , has also been shown to reduce TCE.
If necessary, a downgradient oxygen delivery zone could be established at the Plume G site in which methanotrophic bacteria are stimulated to degrade any c-DCE and VC that accumulate from reductive dechlorination in the anaerobic biostimulation/bioaugmentation zone. Although no sulfide has been detected in Plume G groundwater downgradient of the anaerobic zone, trace levels of methane have been measured, and formation of Fe 2ϩ was noted in bioaugmentation pilot studies. Moreover, a chemical oxygen demand of up to 500 ppm may be present in the downgradient region from lactate that is supplied to the anaerobic zone. To assess the potential for a sequential treatment process consisting of anaerobic dechlorination followed by an aerobic polishing step, an analysis of the micro-organisms that participate in the oxic zone, and the specific activity expressed by these organisms, was carried out.
We report in this paper measurements of the chloroethylene oxidation kinetics and population analyses of the indigenous methanotroph consortia at the Schoolcraft Plume G site. Reaction rate studies have been coupled with molecular methods to monitor the specific microbial activity of the Schoolcraft methanotrophs for the degradation of the daughter products of reductive dechlorination of PCE, that is, TCE, c-DCE, and VC. Should the accumulation of c-DCE or VC from reductive dechlorination warrant a downgradient aerobic biodegradation zone, the activity of the methanotrophs would be stimulated by delivery of oxygen, with methane also supplied to this zone should the generation and migration of methane from the anaerobic zone be insufficient to allow c-DCE/VC polishing. We present herein our findings from mixed culture kinetic studies and molecular analyses of the Schoolcraft methanotroph population.
MATERIALS AND METHODS

Field site
A section of the St. Joseph aquifer in the village of Schoolcraft, MI, has been contaminated with a mixture of industrial solvents from a plastic and rubber manufacturer.
The aquifer soil is a glacial outwash till of approximately 80 wt.% sand, and the balance a mixture of clay and silt. The mean diameter of the soil particles is about 200 m, and the mass fraction of organic carbon in the soil is low, less than 0.3%. Elevated concentrations of chlorinated solvents have been detected in groundwater samples taken in a region two kilometers long and a half kilometer wide, due southeast from the manufacturing facility in the direction of the natural groundwater gradient. PCE and 1,1,1-trichloroethane (TCA) are the pollutants found in the highest concentration at the contamination source (labeled zone 1 in Fig. 1) , with peak concentrations of approximately 200 ppb for both solvents (Heywood, 1993) . PCE and TCA daughter products have been formed by intrinsic remediation of the migrating plume; the products of reductive dechlorination by indigenous Schoolcraft microflora include TCE, c-DCE, and VC from PCE degradation, and 1,1-dichloroethane from TCA reduction. The concentrations of the daughter products are highest near the center and the advancing front of the plume (zones 2 through 4 in Fig. 1 ), and approach 1 ppm for TCE and 1.5 ppm for c-DCE. No ethene has been detected in the control zones of the aquifer.
Chemicals
All chemicals used in the preparation of media were of reagent grade or better. Highest purity methane (Ͼ99.99%) was obtained from Matheson Co. (Newark, NJ). cis-Dichloroethylene (97%) was purchased from Aldrich Chemical Co. (Milwaukee, WI). Vinyl chloride (Ͼ99.5% GC grade) and methanol (HPLC, gradient grade) was purchased from Fluka Inc. (Ronkonkoma, NY).
For compounds that are liquid at 25°C (TCE and c- Figure 1 . Contaminant plumes at the Schoolcraft, MI, bioremediation site (Heywood, 1993) . Plume G is a mixed waste chlorinated solvent plume containing PCE, 1,1,1-TCA and reductive dechlorination products of both compounds from natural attenuation. Also shown are Schoolcraft Plume A, a carbon tetrachloride plume, and Plume F, a chromium/arsenic plume. Both plumes are of separate origin from Plume G. DCE), stock saturated solutions were prepared by the method of Chang and Alvarez-Cohen (Chang and Alvarez-Cohen, 1996) . Stock solutions were added to sample vials using Hamilton 1700 series gas-tight syringes, with care to exclude nonaqueous-phase liquids. For compounds that are gaseous at 25°C (VC and methane), samples were added to sample vials using a Dynatech A-2 gas-tight syringes. Methanol was added as a 100% solution.
Distilled deionized water from a Corning Millipore D2 system was used for all experiments. All glassware was washed with detergent and then acid-washed in 2 M HNO 3 overnight to remove trace metals, including copper. The acid was subsequently removed by repeated rinses with distilled deionized water.
Culture conditions
A Schoolcraft methanotrophic consortium was grown from a soil sample extracted at 65 feet below ground surface from well borings collected during installation of a flux control well at the Plume G site. The consortium was grown from soil immersed in nitrate mineral salt (NMS) medium (Whittenbury et al., 1970) at 30°C in batch flasks shaken at 270 rpm in a 1:2 methane-air atmosphere ratio at 1 atm of pressure. The cultures were grown at 30°C to compare the rates of degradation measured here with those collected by others (van Hylckama Vlieg et al., 1996; Han et al., 1999) . The culture medium was no more than 15% of the total flask volume to prevent mass transfer limitation of methane and oxygen from the headspace to liquid medium. For pMMO expression, 2.5 M copper was added aseptically as Cu(NO 3 ) 2 и 2.5(H 2 O) after autoclaving and equilibrated for at least 2 days before the media were inoculated (Lontoh and Semrau, 1998) . This concentration of copper was added in correspondence to the measured copper concentration of 3.0 Ϯ 1.5 M in groundwater sampled from various locations in and around Schoolcraft Plume G. Cells were initially grown to the mid-to late-exponential phase (OD 600 of 0.9), and methane was removed by evacuating the growth flasks five times and allowing air to reequilibrate after each evacuation.
The cells were aseptically diluted threefold into 3 mL of prewarmed fresh NMS medium with 2.5 M copper and transferred into 20-mL serum vials for an initial OD 600 of 0.3. The vials were capped with Teflon-coated rubber butyl stoppers (Wheaton) and crimp sealed. The appropriate amount of substrate to add was calculated using dimensionless Henry's constants collected from the literature for a pressure of 1 atm and temperature of 30 o C: 27.02 for methane (Morel and Hering, 1991) ; 1.262 for VC (Gosset, 1987) ; and 0.197 and 0.458 for c-DCE and TCE, respectively (Tse et al., 1992) .
Kinetic analyses
To normalize rates of degradation to cell biomass, protein concentrations were measured using the Bio-Rad protein assay kit with bovine serum albumin as a standard. The cells were digested at 90°C for 30 min in 5 N NaOH. Serial dilutions were prepared to achieve final protein concentrations within the linear range of the assay. The amount of protein was determined by measuring the absorbance at 595 nm after the Bio-Rad reagent was added. In these experiments, the protein concentration of the cell suspensions varied between 0.09 and 0.1 mg/mL. For each initial concentration of methane and halogenated hydrocarbons examined in these assays, triplicate samples were created, with duplicate controls made by adding 50 L of 5 M NaOH. Minimal abiotic loss in these killed controls was measured as reported earlier in similar systems (Lontoh and Semrau) .
After addition of substrate, the sample vials were shaken at 270 rpm at 30°C again to prevent mass transfer from limiting the measured rates of substrate degradation. Exogenous reducing equivalents, formate as sodium formate, were added at a concentration of 20 mM. The initial rates of oxidation were determined by measuring the amount of substrate remaining using a Hewlett-Packard 5890 series II gas chromatograph with an automated headspace sampler, flame ionization detector (FID), and two DB-624 analytical columns (J&W Scientific Co., Folson, CA). The gas chromatograph was operated with a helium carrier gas flow rate of 5.8 mL/min, with the injector, oven, and detector temperatures set at 160, 80, and 250°C, respectively. Initial rates of substrate degradation were determined over time frames dependent on the substrate and the extent of degradation. For methane, a 2-h time frame was used; whereas for VC, c-DCE, and TCE, a 5-h time period was selected based upon degradation kinetics previously obtained for M. album BG8 (Lontoh and Semrau, 1998) . As previously noted, the measured rates of degradation were normalized to the initial protein concentration, and the average initial degradation rate of triplicate samples is reported in this work along with the standard deviation. The kinetic parameters of apparent maximal degradation rate, V max (nmol min Ϫ1 (mg protein) Ϫ1 ) and apparent affinity, K s (M) were determined for methane and for the halogenated hydrocarbons by applying nonlinear regression to the Michaelis-Menten equation using the Levenberg-Marquardt algorithm in Polymath 5.0.
Total RNA extraction
RNA was extracted as described earlier (Han and Semrau, 2004 In the absence of soils, methanotrophic enrichments were performed in Schoolcraft groundwater amended with 0.1 ϫ NMS. The composite groundwater sample was collected from a depth of 60 to 80 feet below ground surface from a flux control well at the Plume G remediation site. The stimulated methanotrophic cultures were pelleted by centrifugation at 12,000 rpm for 5 min at 4°C. The supernatant was removed and the cell pellet was either directly used in the total RNA isolation procedure or frozen and stored at Ϫ80°C. For lysis, the cells were resuspended in the extraction buffer provided in the Qiagen Total RNeasy kit (Qiagen Inc., Valencia, CA) with 1.6 g of 0.1 mm diameter ice-cooled zirconia/silica beads (BioSpec Products, Bartlesville, OK). Cell lysis was performed by bead-beating in a Mini-Bead Beater (BioSpec) six times for 30 s, with 1 min on-ice between each cycle. After the cells were disrupted, RNA was isolated according to the manufacturer's guidelines.
To monitor gene expression in the presence of soil from the Schoolcraft site, soil slurries were created by mixing 3 g of soil with 3 mL of NMS medium in 20 mL vials. The vials were incubated at 30°C and methane consumption monitored periodically using the methodology discussed above. Once noticeable methane consumption was observed 0.5 g of the soil slurry was transferred into 2 mL tubes, which were then either directly used in the total RNA isolation procedure or frozen and stored at Ϫ80°C for later analysis. After cell lysis as described above, the soil suspension was collected by piercing the bottom of the sample tube with a sterile needle, placing the tube on top of a collection tube in a 15-mL screwcap polypropylene tube, and centrifuging it with the swing bucket centrifuge. One volume of 70% ethanol was then added to the suspension, and the suspension was passed through a Qiagen column via centrifugation at 4,000 rpm. After removing impurities with Qiagen washing buffers, total RNA was collected with 0.1 mL of DEPC-treated water at 65°C. Following treatment with RNase-free DNase I, total RNA was extracted with Qiagen total RNeasy kit.
Competitive RT-PCR assay
RT-PCR assays were performed with Qiagen OneStep RT-PCR kit (Qiagen Inc.) to monitor and measure the expression of pmoA and mmoX, genes encoding polypeptides of the pMMO and sMMO, respectively. The general approach to competitive RT-PCR is shown in Fig.  2. Here, a fixed amount of target RNA is reverse-transcribed and amplified together with increasing amounts of an internal RNA standard of known amount using the same primer set in the same reaction. The quantity of target RNA is determined by observing the relative amount of target and standard products resulting from RT-PCR with the initial target concentration calculated as the value of the standard which gives the same value after RT-PCR is completed (i.e., when log 10 (target и standard Ϫ1 ) ϭ 0 or target и standard Ϫ1 ϭ 1). Standards were constructed using the procedure described earlier as was the RT-PCR reaction (Han and Semrau, 2004) . Briefly, the RT-PCR reaction was carried out in 50-mL samples consisting of 5 mL of standard RNA, 5 L total RNA, 10 L 5 ϫ RT-PCR buffer, 10 L 5 ϫ Q solution, 400 M of each dNTP, 0.6 M of each primer, and 2 L of Qiagen OneStep RT-PCR enzyme. The sequences of primers to reverse transcribe and amplify both targets and standards have been reported earlier (Han and Semrau, Table 1 . Following an RT incubation at 50°C for 30 min and heating to 95°C for 15 min, 40 PCR cycles with the following amplification profile were conducted: 94°C for 1 min; 55°C for 1 min; and 72°C for 1 min. Finally, all samples were extended at 72°C for 10 min. RT-PCR products were analyzed by electrophoresis in 2.5% agarose gels. After scanning to digitize the photographs of the gels, the images were analyzed on NIH image (http://rsb.info.nih.gov/nih-image) to generate a value proportional to the intensity of the ethidium bromide-stained band.
2004) and are shown in
Naphthalene assay for whole-cell sMMO activity
As an independent verification if sMMO was being expressed, the specific naphthalene assay (Brusseau et al., 1990) was used for all samples.
RESULTS AND DISCUSSION
Methane oxidation
The rate of methane oxidation by methanotrophs was assumed to follow Michaelis-Menten kinetics, since it has been shown that methane oxidation by pure methanotroph cultures is well described by this rate law . Kinetic parameters for the Schoolcraft mixed methanotroph consortia are reported in Table 2 . A comparison of the apparent first-order rate constant V max /K s for methane consumption for the Schoolcraft mixed culture with published values for pure methanotroph cultures is also presented in Table 2 .
The apparent maximal degradation rate measured for the Schoolcraft methanotroph consortia falls within the range of V max values previously reported by Hanson and Hanson (1996) for pure methanotroph cultures, 80 to 260 nmol и min Ϫ1 и (mg protein) Ϫ1 . The apparent affinity K s for the Schoolcraft mixed culture slightly exceeds the reported range of 0.8 to 9.3 M for pure methanotroph cultures. Overall, however, the methane oxidation kinetics of the Schoolcraft methanotroph population is comparable to that of pure methanotroph cultures, as indicated by Table 2 .
Chloroethylene cometabolism
Since the objective of the Schoolcraft Plume G bioremediation effort is to remove chlorinated solvents from 182
FORRESTER ET AL. (van Hylckama Vlieg, et al. 1996) M. album BG8 (Han et al., 1999) the groundwater, the VC, c-DCE and TCE degradation kinetics of the indigenous Schoolcraft methanotrophs were measured. Methanotrophs are ubiquitous in the environment , and have been shown to degrade chloroethylene compounds cometabolically (Ensley, 1991) . As such, the use of methanotrophs in sequential anaerobic/aerobic treatment schemes is of interest for remediation of the Schoolcraft plume. Michaelis-Menten rate law parameters for chloroethylene degradation in the absence of methane but in the presence of 20 mM formate as sodium formate are reported in Table 2 . The studies reported here, as well as the data from other researchers in Table 2 , were performed in the absence of methane and in the presence of formate to ensure that neither substrate inhibition nor limiting reducing equivalents affected the measured kinetic parameters. It should be noted that the concentration range sampled for c-DCE cometabolism was smaller than the ranges sampled for the other two chloroethylene compounds. This was done to insure that the c-DCE concentration did not fall into the range of toxicity for pMMOexpressing methanotrophs (Ensley, 1991) . The source of c-DCE has trace amounts of chloroform of ϳ0.4% mol/mol (Maymó-Gatell et al., 2001) . Chloroform at a concentration of 100 M has been shown to affect methanotrophic activity when expressing pMMO (Han et al., 1999) . It is possible that the presence of chloroform may have affected methanotrophic activity in these experiments, but the predicted concentration of chloroform using the findings of Maymo-Gatell et al. (2001) is less than 40 nM, suggesting that c-DCE itself is toxic to these cells.
Predictably, the cometabolism rates for the chloroethylenes are much slower than the rate at which the methanotrophs consume methane. It is additionally observed in Table 2 that the apparent first order rate constants VC and c-DCE are approximately of equal magnitude, whereas cometabolism of TCE by the Schoolcraft mixed methanotroph consortia is much slower than for VC or c-DCE.
These observed trends are consistent with published kinetic data for pure cultures of pMMO-expressing M. album BG8 (Han et al., 1999) and for pMMOand sMMO-expressing M. trichosporium OB3b (van Hylckama Vlieg et al., 1996) . From a comparison of the apparent first-order chloroethylene degradation rate constants of these methanotrophs with the kinetic results obtained for the indigenous Schoolcraft methanotrophs, it is evident that the Schoolcraft consortium is primarily composed of pMMO-expressing methanotrophs. The similarity between the VC, c-DCE, and TCE degradation rate constants for the native Schoolcraft mixed methanotrophs and the pMMO-expressing M. album BG8 pure culture is particularly noteworthy.
The use of formate to act as source of exogenous reducing equivalents has been commonly used in laboratory studies of pollutant degradation by methanotrophs (Alvarez-Cohen and McCarty, 1991; Henry and Grbíc-Galic, 1991; van Hylckama Vlieg et al., 1996; Lontoh and Semrau, 1998; Han et al., 1999) . It may be advantageous to add formate as part of in situ remediation strategies emphasizing methanotrophic activity, as there have been no reported aerobic methylotrophic bacteria that can utilize formate as the sole carbon and energy source (Lidstrom, 2001) . As such, competition between methanotrophs and other in situ community members for formate may be small, allowing methanotrophs to be the predominant cells oxidizing formate and thus generating reducing equivalents necessary for extended pollutant degradation.
Molecular analysis
To characterize the Schoolcraft methanotrophic population that was stimulated and responsible for pollutant degradation, total RNA and DNA were isolated from Schoolcraft groundwater amended with 0. total RNA samples, only pmoA mRNA was found using competitive RT-PCR. This result is consistent with the copper concentration in the groundwater, 2.5 M, at which sMMO expression is known to be repressed. Negative response of the naphthalene assay, which is used to selectively measure sMMO activity, confirmed this finding (data not shown). To our knowledge, this is the first time the naphthalene assay has been used to monitor sMMO expression in methanotrophic enrichments. The level of pmoA mRNA transcripts were quantified from both samples using competitive RT-PCR. The total RNA of groundwater was found to contain (2.65 Ϯ 0.43) ϫ 10 Ϫ16 mole pmoA mRNA/L while in soil slurries (1.57 Ϯ 0.10) ϫ 10 Ϫ17 mole pmoA mRNA/g wet soil was measured as indicated in Fig. 3 . The amount of pmoA expression is comparable to that found earlier using a model system of M. trichosporium OB3b both in the presence and absence of a sandy aquifer soil from Wagner, MI, similar to that found at the Schoolcraft site (Han and Semrau, 2004) . The amplified 330-bp pmoA was also sequenced and compared with the GenBank nucleotide databases using BLAST to determine how similar it was to known pmoA genes. pmoA genes from genus Methylocystis showed the highest identity (98%). This genus is representative of Type II methanotrophs, cells that utilize the serine pathway for carbon assimilation. Type II methanotrophs have been observed to express sMMO, but it should be noted that at least one Methylocystis strain, Methylocystis parvus OBBP does not express sMMO (Tsien and Hanson, 1992) , and so more information must be collected to determine if any members of the enriched methanotrophic community from the Schoolcraft site can express sMMO.
SUMMARY
Native mixed methanotrophs at the Schoolcraft Plume G bioremediation site were found to be capable of cometabolizing TCE, c-DCE, and VC at rates comparable to those of pure methanotroph cultures expressing pMMO. Molecular analysis of total RNA and RT-PCR assays found no sMMO-expression by these cells, nor was any naphthalene oxidation observed within the Schoolcraft methanotroph consortium. Although as shown in Table  2 , cells expressing sMMO have higher pseudo-firstorder rate constants for chlorinated ethane oxidation, attempts to stimulate in situ methanotrophic communities can enhance pMMO expression. As such, these findings suggest that laboratory studies using single methanotroph cultures expressing pMMO may serve as appropriate surrogates for the measurement of Michaelis-Menten kinetic parameters for design and performance modeling of aer-obic in situ bioremediation systems utilizing oxygen delivery to stimulate methanotrophic cometabolism of chlorinated solvents.
